Structural changes in the Fe-Al system modified by high-energy ball milling were studied using Mössbauer spectroscopy and X-ray diffraction. Pure Fe and Al powders were mixed in compositions with 0.5, 1.5, and 5 at.% Fe and milled for various times using the Fritsch Pulverisette planetary mill. The formation of iron clusters was observed when the percentage of paramagnetic iron was higher than 0.5 at.%. It was found that the arrangement of Fe atoms in iron clusters is similar to that observed in FeAl n (n≥2) intermetallic compounds.
Introduction
Structural components made of aluminium and its alloys are important in aerospace industry and areas of transportation and building [1] . Iron-aluminium alloys may also attract considerable interest due to such properties as high oxidation and corrosion resistance as well as low cost [2] . Among various methods to synthesize iron-aluminium alloys, high-energy ball milling presents an opportunity in preparing relatively large amounts of nanocrystalline materials with interesting technological properties affected by a large volume fraction of atoms residing in grain boundaries [3] [4] [5] [6] [7] [8] [9] [10] . In investigating the Al-rich Al-Fe system, previously it has been reported that conditions of synthesis have a major influence on the structure of alloys [11] [12] [13] [14] . The magnetism in the nonmagnetic ordered Fe-Al alloy (B2 structure) was induced by the ball milling because of the iron atom clustering on the grain boundaries [9] . Furthermore, a similar low temperature magnetism of Al-rich Fe-Al alloys was also observed for the FeAl 2 intermetallic compound having a more complicated Fe-Al atom ordering where iron atoms have a different number of iron atoms in their neighbourhood [15, 16] . Theoretical calculations of the ground state of (FeAl) n (n≤6) clusters revealed that iron atoms cluster due to the domination of Fe-Fe atom interactions [17] . According to the study [18] the nanoscale segregation (clustering) of Fe atoms while doping aluminium with Fe below 2 at.% is essential for the mechanical properties of the alloys. In rapidly quenched samples, supersaturated solution Al(Fe) existed in a composition of up to 4-6 at.% of Fe [19, 20] . After comparing a rapidly quenched Fe 2 Al 98 sample with the ball milled sample of the same composition it was found that while the supersaturated solution Al(Fe) was mostly preserved in the quenched sample, an amorphous-like structure formed in a ball milled one due to Fe atom clustering [12] . Still, only a few studies investigated ball milled compositions with less than 5 at.% of Fe [11, 12] . The formation of Fe-Al clusters on grain boundaries may have some influence on the magnetic properties of the sample [11] in the primary stage of milling, but in the case of Fe 2 Al 98 composition, clustering of iron atoms does not lead to magnetic ordering for a longer milling time [12] .
Research in a broader range of compositions processed by high-energy ball milling was performed in this study to investigate properties of Fe-Al clusters within the limits of supersaturated solutions, i. e. up to 5 at.% of Fe at different stages of alloying.
Experiment
Fe powder of 99.5% purity (Sigma Aldrich) and Al powder (99%, Sigma Aldrich) were mixed in compositions of 0.5, 1.5, and 5 at.% Fe. Milling of these mixtures was performed using a Fritsch Pulverisette 6 planetary mono-mill equipped with a 250 ml hardened steel vial and 1200 steel balls of 0.5 g mass each (ball-to-powder ratio 1:20) under nitrogen atmosphere for various times of 2 h, 5 h, 7 h, and 10 h. In addition, 1.5 at.% Fe composition was milled up to 25 h. Ethanol (0.05 ml/g of powder) was added as a lubricant agent to avoid aluminium sticking to the milling media. The total mass of initial powder mixture m (total) was 30 g. Changes in composition of milled samples were characterized using Mössbauer spectrometry and X-ray diffraction. The Mössbauer spectra were measured at room temperature using a conventional spectrometer in transmission geometry with a 57 Co(Rh) source and analysed using SITE and DIST of NORMOS program pack. The Mössbauer spectra were characterized by evaluating relative amounts of a magnetically split ferromagnetic (α-Fe) phase with a hyperfine field of 33.1 T and ferromagnetic (with the hyperfine field less than 33.1 T) and paramagnetic intermetallic compounds. The contribution of paramagnetic compounds is fitted by the application of the singlet or doublet.
XRD data have been collected using Bruker AXS diffractometer equipped with the Cu K α source (λ = 1.5418 Å). The crystallite sizes were determined on the basis of a broadening of the peaks in an X-ray diffraction pattern as is described by the Scherrer Equation:
where λ is source wavelength and β 1/2 is the peak full width at half maximum (FWHM).
Results and discussions
The hyperfine parameters of iron-based alloys strongly depend on the configurations of Fe nearest neighbours in the lattice [12, 13, 21, 22] . The formation of a nonmagnetic iron can primarily be explained by the dissolved Fe atoms in Al. Only when the iron atom has less than four Fe atoms as nearest neighbours, a nonmagnetic state is observed [21] . Because of the difference in Fe and Al atomic radius and lattice type (Fe has a bcc crystal structure, Al has a fcc crystal structure) the process of mixing is complicated as many different intermetallic compounds can form 1].
The Mössbauer spectra (Figs. 1, 2) consist of both magnetic and nonmagnetic subspectral components. A doublet or singlet which corresponds to a paramagnetic subspectral component is seen in all of the milled samples. The relative contribution of the paramagnetic compounds to Mössbauer spectra, S par , increases with increasing milling time (Fig. 3) . The variation in isomer shift δ as well as in quadrupole splitting Δ (Figs. 3, 4) indicates the changes in the neighbourhood of Fe atom. An increase in isomer shift for paramagnetic iron atoms is observed up to 10 hours of milling time (Fig. 3) for Fe 1.5 Al 98.5 powder composition. The isomer shift increases initially to the characteristic value of 0.38 mm/s, which corresponds to the isolated Fe atoms in Al matrix, and in Mössbauer spectra is fitted to a singlet [12, 13, 22] . However, with increased percentage of paramagnetic iron, the paramagnetic part of the spectrum is fitted to a doublet. Moreover, certain changes in isomer shift and quadrupole splitting occur further with increased milling time and percentage of paramagnetic iron (Fig. 4(a) ).
Solubility of Fe in Al matrix can be extended up to 5 at.% by mechanical alloying [11, 12] . The diffusion of iron atoms in Al matrix is facilitated by forming a larger number of defects and grain interfaces as the grain size decreases with milling time increasing (Table 1) according to X-ray data (Fig. 5 ). Due to a low percentage of iron, only information on Al is available from X-ray data. A larger number of iron atoms in aluminium matrix is causing clustering, and therefore, a doublet is seen instead of a singlet [12] . 22.5 Due to the clustering of Fe atoms, a large number of environments specific to nonmagnetic intermetallic Fe-Al compounds can form and be responsible for the formation of the nonmagnetic part of the Möss-bauer spectrum [1] . The spectra of paramagnetic intermetallic compounds of Fe-Al: triclinic FeAl 2 (δ = 0.108 mm/s, Δ = 0.432 mm/s and δ = 0.278 mm/s, Δ = 0.451 mm/s [16] ) and orthorhombic Fe 2 Al 5 (δ = 0.22 ± 0.01 mm/s, Δ = 0.48 ± 0.01 mm/s [23] ) have a larger quadrupole splitting than that existing in Mössbauer spectra of our Fe x Al 100-x samples when the percentage of paramagnetic iron is larger than ≈1 at.% (Fig. 4) . Accordingly, the parameters which have been found for longer milling times are more similar to those of monoclinic FeAl 3 or metastable FeAl 6 [ 13, 14] . Though the Mössbauer spectrum of intermetallic compound FeAl 3 is usually fitted to three singlets of equal intensity with isomer shifts δ = 0.01, 0.19, and 0.38 mm/s [13] the spread of overlapping lines of the spectrum is close to those for FeAl 6 with a spectrum consisting of one doublet with δ = 0.23 mm/s and Δ = 0.32 mm/s [13, 14] . Moreover, the variety of metastable compounds with composition FeAl n (n > 3) are possible to form [13] .
After annealing at 600 °C, quadrupole splitting of a doublet for the Fe 1.5 Al 98.5 sample milled for 25 h decreased from Δ = 0.38 mm/s to Δ = 0.31 mm/s (Fig. 2(c)) , showing that the metastable supersaturated Fe solutions in Al formed.
It is noted that with milling time increasing lower hyperfine field values (B < 33.1 T) are observed for the Fe 5 Al 95 sample (Fig. 1(d) ). The formation of solid solution of aluminium in iron Fe(Al) and intermetallic compound Fe 3 Al [24] is observed. These intermetallic alloys may form in all the samples, but they are less evident in the samples with a lower Fe percentage.
The measurements at low temperature (Fig. 2(b) ) did not show noticeable changes in the Mössbauer spectra compared to those measured at room temperature, indicating that no superparamagnetic intermetallic or intermetallic compound having the magnetic transition temperature below the room temperature exists.
The previous results for milled Fe-Al composition samples with a low percentage of Fe considerably differ from those reported in this paper [11, 12] . It can be explained by the difference in milling conditions and achieved state of a milled sample [11, 12] . The main part of the Mössbauer spectrum of the sample in the nonmagnetic state was fitted to a doublet and attributed to nonmagnetic clusters of Fe atoms [12] . However, when a considerably smaller extent of mixing or alloying of Fe and Al elements was achieved, the amount of observed magnetic Fe was still significant. In this case the iron atoms clustering could cause the changes in magnetic properties of the sample. It is shown that the iron atoms residing on the grain boundaries have influence on the magnetic properties of the iron-rich samples, i. e. FeAl and Fe 3 Al intermetallic compounds after milling, as the grain size decreased with milling time [9, 25] .
Conclusions
A study of milled Fe x Al 100-x nanocomposites with x = 0.5, 1.5, and 5 at.% of Fe showed differences for paramagnetic fraction of the sample which can be approximately related to the percentage of paramagnetic iron in Al matrix. When the percentage of paramagnetic iron (S par ·x) is low (below 0.5 at.%) the major part of paramagnetic iron atoms is in aluminium matrix forming the solution Al(Fe). However, for longer milling times, the Al(Fe) solution would become supersaturated, and therefore, the clusters of iron atoms are formed. According to the values of isomer shift and quadrupole splitting of a doublet used for the paramagnetic part of the Mössbauer spectrum, the atom ordering in iron clusters is similar to those of FeAl n (n = 2, 2.5, 3, 6) intermetallic compounds when the percentage of paramagnetic iron in samples is larger than 0.5 at.% of Fe. For the percentage of 1-3 at.% of paramagnetic Fe, the quadrupole splitting decreases up to 0.32 mm/s indicating that Fe and Al atoms arrange similarly to FeAl n compounds with n ≥ 3.
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Santrauka Nanokristaliniai geležies ir aliuminio milteliai buvo malami azoto atmosferoje rutuliniu Pulverisette malūnu. Fe atomų būsenos pokyčiai stebėti Mesbauerio (Mössbau-er) spektroskopijos ir Rengeno difrakcijos metodais. Pasinaudojus Mesbauerio spektroskopijos metodu gautais parametrais, įvertintas susidariusių geležies būsenų kitimas didinant malimo trukmę. Paramagnetinės geležies būsenų kitimas gali būti paaiškinamas geležies spiečių susidarymu, kai paramagnetinės geležies atomų kiekis >0,5 at.%. Atominė tvarka geležies spiečiuose turėtų būti tokia pati, kaip ir FeAl n (n≥2) intermetaliniuose lydi niuose.
